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We report the results of theoretical and experimental studies of photoluminescence of silicon
nanocrystals in the proximity of plasmonic modes of different types. In our samples, the type of
plasmonic mode is determined by the filling ratio of a one-dimensional gold grating which covers the
thin film with silicon nanocrystals on a quartz substrate. We analyze the extinction and photolumi-
nesce spectra of silicon nanocrystals and show that the emitted light is coupled to the corresponding
plasmonic mode. We also demonstrate the modification of the extinction and photoluminesce spec-
tra under the transition from surface plasmon-polaritons to waveguide plasmon-polaritons with the
decrease of the gold filling ratio from 1 to 0.35. Finally, we analyze the contribution of individual sil-
icon nanocrystals to the overall photoluminescence intensity. We conclude that silicon nanocrystals
ensemble can be broken down into optically bright and optically dark nanocrystals. The experimen-
tal extinction and photoluminescence spectra are in good agreement with theoretical calculations
performed by the Fourier modal method in the scattering matrix form.
It is well known that a quantum dot placed in a
strongly non-homogeneous dielectric environment can ex-
hibit optical properties that are quite different from those
of a quantum dot in free space1–3. From the optical point
of view, the emission intensity depends on the excita-
tion efficiency, out-coupling efficiency as well as on the
probability of a quantum dot to radiate photons or to
transfer its energy to the matrix nonradiatively. These
parameters can be effectively tuned in the presence of
metals. The effect of the influence of metallic nanostruc-
tures on the emission characteristics of nearby emitters
have been observed in a variety of different molecules and
quantum dots3–6. In particular, it has been shown that
the photoluminescence intensity of silicon quantum dots
can be effectively enhanced in the proximity of metal-
lic structures which support surface plasmon-polariton
modes7 or localized surface plasmon modes8–15. This
fact is important from the viewpoint of potential opto-
electronic applications of silicon nanocrystals given that
silicon nanocrystals are CMOS-compatible and exhibit
room-temperature photoluminescence16.
Despite the number of publications devoted to the op-
tical properties of silicon nanocrystals in the proximity
of metals, it is interesting to study the photolumines-
cence in a plasmonic system where both types of plas-
monic modes could exist. In this paper, we focus on
theoretical and experimental studies of the optical prop-
erties of silicon quantum dots in the proximity of one-
dimensional arrays of gold nanostripes. Depending on
the filling ratio, the gold nanostripes array supports ei-
ther localized surface plasmons or propagating surface
plasmon-polaritons. As shown in Ref. 8 for narrow gold
nanostripes, in the presence of the waveguide contain-
ing silicon nanocrystals, the localized surface plasmons
are strongly coupled to the quasiguided modes resulting
in the formation of a waveguide plasmon-polariton. Here
we aim to demonstrate the modification of emission char-
acteristics of the silicon nanocrystals under the transition
from surface plasmon-polariton17 to waveguide plasmon-
polariton8,18,19.
The structure of the paper is as follows. First, we de-
scribe the fabrication technique of our structures with
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FIG. 1. (Color online) (a) Schematic view of the sample with silicon nanocrystals and a gold grating. Silicon nanocrystals are
shown by circles. (b) SEM images of structures under study. (c) Experimental PL spectra for different air slits widths. The
black dashed line shows the spectrum for the uniform structure without slits.
silicon nanocrystals and the details of the experimen-
tal setup. We give a brief description of the theoreti-
cal method for the PL intensity calculation. Then, we
present the results of extinction and photoluminescence
measurements as well as the results of numerical simu-
lations. We show that the extinction and photolumines-
cence spectra have features associated with either surface
plasmon-polaritons or waveguide plasmon-polaritons de-
pending on the air slit width. We also calculate the elec-
tromagnetic near-field distribution of the light which is
coming in to the sample from free space. Finally, we an-
alyze the contribution of individual silicon nanocrystals
to the overall PL intensity.
The schematic of the investigated structure is shown
in Fig. 1. The structure consists of a periodic array of
air slits in a 20 nm thick gold film deposited on a quartz
substrate covered by thin SiO2 film with silicon nanocrys-
tals. The air slits width was varied between w = 30 nm
and 180 nm with a step of 50 nm. The pitch size was
kept fixed at 430 nm. Silicon nanocrystals were evenly
distributed in the SiO2 film on the depths from 15 nm
to 155 nm. Scanning electron microscopy (SEM) images
of the sample with different air slit widths are shown in
Fig. 1b. The images were captured by a high-resolution
Field Emission Scanning Electron Microscope Supra 40
(Carl Zeiss).
Reactive evaporation of SiO powder in an oxygen at-
mosphere was used to deposit SiOx (x ≈ 1.7) films on
quartz substrates. Films thickness was equal to about
140 nm, while a capping 15 nm thick SiO2 layers were
also deposited on a top of each film by increasing an oxy-
gen pressure during evaporation. After the deposition
the conventional tube furnace annealing at 1100◦C for 1
hour in N2 atmosphere was used in order to fabricate Si
nanocrystals in SiO2 matrix (see for details Ref. 20).
For the gold nanostripe fabrication, the glass substrate
with silicon nanocrystals is covered with 10-nm thick
indium tin oxide (ITO) layer as an adhesion promoter
between gold and silica. Then, the sample is cleaned,
CSAR 62 resist spin coated and baked forming a 140 nm
thick uniform layer. Next, 500×500µm grating is pat-
terned with electron beam lithography system (Raith
150, 25 kV acceleration voltage) using fixed beam mov-
ing stage (FBMS) mode. This allows uniform exposure.
After development 20 nm of gold are deposited in high
vacuum e-gun evaporation system (Eurovac). Then, the
lift-off process is performed by immersing the sample in
acetone. This removes the photoresist with the excess Au
leaving only Au grating lines deposited on ITO, which
serves as a transparent adhesion promoter.
Transmittance spectra were measured as a function of
the angle of light incidence. In the setup, light from a
broadband source (50 W halogen lamp) is collimated and
slightly focused to a spot of ca 500 µm in diameter. The
polarization state is controlled by a Glan-Taylor polar-
izer. The transmitted beam is collected and sent to a
compact CCD-based visible spectrometer. The sample
is held by a 3-axis holder that allows for the control of
the incidence angle with a step of 1◦. The spectra were
measured consecutively for the sample area and the sub-
strate without gold grating; then, the sample spectra are
normalized over the substrate spectra.
Photoluminescence (PL) spectra were registered un-
der the 325 nm HeCd laser line excitation using 500 mm
single-grating spectrometer equipped with an air-cooled
CCD camera. The spectra were taken at room tempera-
ture and were corrected for the system response.
The photoluminescence intensity was calculated as a
power emitted by the oscillating electric dipoles uni-
formly distributed over the layer with silicon nanocrys-
tals. From the population dynamics equations for silicon
nanocrystals (see, for example, Ref. 21) it follows, that in
the approximation of low excitation power, the emission
intensity of single dipole is proportional to the product of
excitation efficiency Cexc and the out-coupling efficiency
Cpl and inversely proportional to the total decay rate of
3the silicon nanocrystal Γ:
Ii ∝ CexcCpl
Γ
. (1)
The parameters Cexc and Cpl are large in the vicinity
of plasmonic modes due to the field enhancement. The
recombination rate is determined by the number of reso-
nances and increase in the near-field of metal due to the
contribution of evanescent modes.
The overall PL intensity accounts for the contribution
from all dipoles:
I =
∑
i
Ii, (2)
where emission intensity of i-th SiNCs in the ensemble is
given by the formula (1) for the general case. In our sam-
ples, the closest distance between the silicon nanocrystals
and metallic grating is 20 nm which is rather large for
plasmonic modes to notably influence the recombination
rate of emitters3. Hence we can assume the denomina-
tor in formula (1) to be roughly constant. Therefore, the
contribution of each dipole, Ii, can be calculated as
Ii ∼
∣∣E (~ωexc,k‖exc, ri)∣∣2 × ∣∣E (~ωpl,k‖pl, ri)∣∣2 , (3)
where E is the electric vector of incidence plane electro-
magnetic wave calculated at the photon energy ~ωα, the
in-plane projection of the photon quasimomentum vector
k‖α ≡ (kxα, kyα) and the coordinate of oscillating dipole
ri ≡ (xi, zi). The symbol α = ”exc” or ”pl” relates to
the excitation or photoluminescence. The first factor in
Eq. (3) is the excitation efficiency Cexc; it is proportional
to the volume density of excited nanocrystals at the posi-
tion ri. The second factor in Eq. (3), in accordance with
the electrodynamic reciprocity principle has a meaning
of an out-coupling efficiency Cpl which is proportional to
the probability for the emitted photon to come out from
the sample and couple to the far field.
Calculations of the electric field E are performed using
the rigorous coupled wave analysis (RCWA) in the scat-
tering matrix form22–24. The general idea of this method
is the Fourier decomposition of the electromagnetic field
into planar waves with different projections of the mo-
mentum vector onto the direction of periodicity. In order
to achieve a better convergence with respect to the num-
ber of plane waves, we employ the factorization rules25.
The experimental PL spectra of the samples with dif-
ferent air slit widths are shown in Fig. 1c. One can see
that for all w the PL intensity is higher than in the case
of the sample without air slits. The PL spectrum at
w = 30 nm has two peaks. With the increase of the air
slit width, the higher energy peak disappears. To under-
stand the above behaviour of the PL spectra with the
increase of the air slit width, let us consider the angle-
resolved extinction and PL spectra.
Angle-resolved TM-polarized experimental extinction
and PL spectra, as well as their theoretical counterparts
for the sample with the 30-nm-wide air slits are shown in
FIG. 2. (Color online) (a) Experimental extinction (black
lines) and PL spectra (red lines). The displayed angles denote
the angle of light incidence. (b) Theoretical extinction (black
lines) and out-coupling efficiency spectra (red lines). The dis-
played angles denote the angle of PL collection. Curves in
panels (a) and (b) are shown for the sample with 30-nm-wide
air slits.
Fig 2a. Several important features in the peaks behaviour
can be seen in Fig. 2:
1. At θ = 0, both extinction and PL spectra have one
peak. With the increase of θ this peak slowly shifts
to higher energies.
2. With the increase of angle θ a new peak arise at
the lower-energy side of the main peak. This peak
shifts to lower energies.
3. Spectral position of PL peaks is located between
extinction minima and extinction maxima.
The theoretical extinction and out-coupling efficiency
spectra (Fig. 2b) agree with the experimental results.
The comparison between the experimental PL spectra
and theoretical out-coupling efficiency reveals that the
excitation efficiency does not play a significant role for
the spectral position of the emission maxima.
The above resonances are attributed to surface
plasmon-polariton modes17. The difference of the upper
and lower branches of the resonance from Fig. 2a can be
understood by inspecting the electric near-field distribu-
tions. The calculated spatial electric field distributions of
the incident plane wave is shown in Fig. 3 for two photon
energies, ~ω = 1.54 eV and ~ω = 1.72 eV which corre-
spond to the theoretical out-coupling efficiency maxima
at the polar angle θ = 0.1◦ and azimuthal angle φ = 0.
In Fig. 3, the size of the triangles is proportional to the
field strength at the center of each triangle. The length
of the blue triangles is scaled to the amplitude of the in-
coming wave in a vacuum; in the case of red triangles,
it is reduced by a factor of three, to prevent the trian-
gles overlap. It can be seen from Fig. 3 that for both
4FIG. 3. (Color online) Calculated spatial distributions of the
electric field in the structure with silicon nanocrystals for nor-
mal incidence of TM polarized light. The fields are shown for
the photon energy of (a) ~ω = 1.54 eV, (b) ~ω = 1.72 eV. The
size of triangles is proportional to the field at the central point
of each triangle. Triangles specify the corresponding electric
field direction by their orientation. The fields are depicted at
the instant time when the field intensities, integrated over the
displayed cross sections, reach a maximum.
photon energies the displayed field takes the shape of
vortices and decays into the substrate. The electric fields
at ~ω = 1.54 eV and ~ω = 1.72 eV represent the anti-
symmetric and symmetric propagating surface plasmon-
polariton modes. At kx = 0 the lower antisymmetric
mode is optically inactive and can only be observed in
extinction spectra under an inclined incidence.
To understand the distinction between the experimen-
tal PL spectra for different air slit widths, let us con-
sider the dispersions of extinction and photoluminescence
for different air slit widths. For this purpose, we calcu-
late the in-plane wavevector and energy dependence of
the extinction and out-coupling efficiency for w chang-
ing from 30 nm to 280 nm (Fig. 4a–j). As it was already
mentioned, the smallest air slit width of w = 30 nm cor-
responds to the propagating surface plasmon-polariton
which is represented by two branches. The dispersion of
these branches is not clearly seen in Fig. 2 angles are con-
sidered in PL measurements are rather small constrained
by experimental setup. In the opposite case, when w =
280 nm, the hybrid mode of waveguide plasmon-polariton
appear. A detailed analysis of this mode is carried out
in Refs. 8,18,19. In the most general case, the series of
graphs in (Fig. 4a–j) demonstrates the transition from the
propagating surface plasmon-polariton to the waveguide
plasmon-polariton. Indeed, with the increase of the air
slit width, the antisymmetric mode is transformed from
the lower branch of the surface plasmon-polariton to the
upper branch of the waveguide plasmon-polariton. The
symmetric mode is transformed from the upper branch
of surface plasmon to the lower branch of waveguide
plasmon-polariton8. The out-coupling efficiency spectra
have two sets of peaks. The spectral positions of the
out-coupling efficiency peaks are located close to those
of the extinction minima. The experimental extinction
and PL peaks positions are well described by our theo-
retical model as shown in Fig. 4 by circles. It should be
noted that the lowest energy extinction mode is not seen
in the photoluminesce spectra due to the high absorption
in gold.
Up to now, we have been calculating the out-coupling
efficiency of the samples under study as an integral
over all emitter positions within the layer with silicon
nanocrystals. At the same time, it is obvious that silicon
nanocrystals, when to emit light, are in different opti-
cal conditions. From the viewpoint of expression for the
overall PL intensity (2), it means that the excitation ef-
ficiency
∣∣E (~ωexc,k‖exc, ri)∣∣2 as well as the out-coupling
efficiency
∣∣E (~ωpl,k‖pl, ri)∣∣2 depend on the emitter po-
sition ri. The spatial non-uniformity of the excitation
efficiency indicates that the concentration of excited sili-
con nanocrystals in one part of the sample is higher than
in the other. The spatial non-uniformity of out-coupling
efficiency can be interpreted as following: the probability
of an emitted photon to come out from the sample and
to couple to the far field depends on the emitter position.
As a result, silicon nanocrystals that are located in dif-
ferent positions within the active layer, give the different
contribution to the overall PL intensity.
The excitation efficiency and the outcoupling efficiency
as a function of the emitter position is shown in Fig. 5 for
three different regimes. In the below discussion, all the
structures are exposed by 325 nm laser at θexc = 45
◦
angle of incidence, a typical excitation scheme in our
experimental setup. We start our discussion from the
reference structure that has no gold layer. The photolu-
minescence is detected on silicon nanocrystals PL peak
photon energy of 1.6 eV at the normal collection angle.
It can be seen from Fig. 5a that the excitation field is
mainly localized in the sub-surface region causing the in-
homogeneous profile of the excited silicon nanocrystals
concentration. The spatial dependence of the outcou-
pling efficiency in the structure with slits is determined
by the Fabry-Perot modes and as shown in Fig. 5b. No-
tably, for this particular structure and experimental con-
ditions, the highest probability for the emitted photons
to escape the structure is reached deep inside the emit-
ting layer. The resulted PL intensity is found as a prod-
uct of excitation efficiency and outcoupling efficiency and
is displayed in Fig. 5c. It can be seen that in this struc-
ture, the excitation and outcoupling efficiency maps have
a little overlap which leads to moderately low overall PL
intensity. By changing the thicknesses of layers one can
design the structure in such a way that excitation and
out-coupling profiles match each other yielding in higher
PL intensity26.
Let us consider the 30-nm-width air slit structure.
The photoluminescence is detected at a photon energy
5FIG. 4. (Color online) (a) Calculated kx and energy dependencies of the extinction (panels (a)–(e)) and emissivity (panels
(f)–(j)) spectra of the TM-polarized light for the sample with different air slit width. The magnitude of the extinction coefficient
and emissivity is shown by different colors and the color scale is explained on the right. The red dots in panels (a)–(e) represent
the experimentally observed extinction peaks, while the blue dots in panels (f)–(j) show the experimental PL peaks. The peak
positions of the sample with 280 nm air slit are taken from Ref. 8.
of 1.72 eV at the normal collection angle, which corre-
sponds to the upper surface plasmon-polariton mode (see
Fig. 4a). It can be seen from Fig. 5d that the excitation
field is mainly settled close to the air slits. The out-
coupling efficiency is determined by the electric field dis-
tribution of the upper surface plasmon-polariton mode
and is shown in Fig. 5e. Since this mode has a standing-
wave character, the outcoupling modulation coefficient,
i.e. the ratio of the minimal and the maximal outcou-
pling efficiency within the emitting layer, is rather high.
The resulted PL intensity for the 30-nm-width air slit
structure is shown in Fig. 5f. The displayed profile of
the PL intensity suggests that the major contribution to
the overall PL intensity is brought by the nanocrystals
located under the gold stripes in accordance with upper
plasmon-polariton mode symmetry.
Finally, we move to the 180-nm-width air slit structure.
The excitation field is maximal in the regions underneath
the slits (Fig. 5g). As shown in Ref. 8, the photolumi-
nesce of such structure can be enhanced due to quasigu-
ided modes. In the calculation, we choose the photolu-
minesce photon energy to match the upper quasiguided
mode at the normal collection angle (~ω = 1.96 eV). The
Fig. 5h reveals that the outcoupling efficiency takes the
shape of loops which is dictated by the field distribu-
tion of quisiguided modes8. The outcoupling modulation
coefficient for this structure is very high (≈ 550) which
indicates the strongly non-uniform distribution of silicon
nanocrystals contribution to the overall PL intensity.
The above distributions over the ensemble of silicon
nanocrystals account for purely optical effects and may
be smoothed in reality due to the exciton migration pro-
cess. Nevertheless, the very high values of the outcou-
pling modulation coefficients enable us to conventionally
break down all silicon nanocrystals into optically bright
and optically dark.
6w/o gold stripes, FP regime w=30 nm, upper-SPP regime w=180 nm, WG regime
FIG. 5. (Color online) Calculated excitation efficiency (a), (d), outcoupling efficiency (b), (e) and resulted PL intensity as a
function of dipole position within the layer with silicon nanocrystals. The color scales of the corresponding quantities are shown
on the right. For comparison, the above quantities are shown for w = 30 nm (left panels) and w = 180 nm (right panels).
In conclusion, we have theoretically and experimen-
tally studied the optical properties of silicon nanocrystals
covered by periodic arrays of plasmonic stripes. We have
shown that the extinction and photoluminescence spec-
tra have several sets of peaks, which are attributed to
surface plasmon-polariton mode or waveguide plasmon-
polariton mode depending on the air slit width. We
also have demonstrated the transition between these two
modes with the increase of the air slit width. Finally, we
have analyzed how the position of a silicon nanocrystal
within the structure affects its contribution to the over-
all PL intensity. We found that in the surface plasmon-
polariton regime, the major contribution to the PL in-
tensity comes from the sub-surface silicon nanocrystals.
In the waveguide regime, when air slit width is large, the
PL is contributed by silicon nanocrystals in depth of the
emitting layer. In both cases, the distribution of silicon
nanocrystals contribution to the overall PL intensity is
highly non-uniform.
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